OPINION Lipoprotein(a): novel target and emergence of novel therapies to lower cardiovascular disease risk
INTRODUCTION
Lipoprotein(a) [Lp(a)] is becoming an established risk factor for cardiovascular disease (CVD), joining the ranks of the other three major lipid risk factors, including high levels of low-density lipoprotein cholesterol (LDL-C) and triglycerides and reduced levels of high-density lipoprotein cholesterol (HDL-C), as well as hypertension, smoking, and diabetes mellitus. This review will provide an update of the evidence base of Lp(a) as a causal, independent, genetic risk factor of CVD in this rapidly growing field, review its relationship to type 2 diabetes mellitus, describe recent studies with novel Lp(a) lowering agents to reduce CVD events, and provide insights into future studies and trials.
LIPOPROTEIN(a) AND CARDIOVASCULAR DISEASE RISK
The etiologic role of Lp(a) in CVD is no longer debated due to recent landmark studies defining its relationship to CVD events. In aggregate, strong data exist in demonstrating that Lp(a) is a causal, independent genetic risk factor for CVD, and that this risk is curvilinearly related to CVD risk. For example, the Emerging Risk Factor Collaboration group performed a patient-level meta-analysis of long-term, prospective, primary prevention studies published between January 1970 and March 2009 evaluating Lp(a) risk in relation to CVD and all-cause mortality in 126 634 participants enrolled in 36 prospective studies totaling 1.3 million person-years of follow-up [1] . A total of 22 076 first-ever fatal or nonfatal vascular disease events or nonvascular deaths were recorded, including 9336 coronary heart disease (CHD) events, 1903 ischemic strokes, 338 hemorrhagic strokes, 751 unclassified strokes, 1091 other vascular deaths, 8114 nonvascular deaths, and 242 deaths of unknown cause. The association of Lp(a) was 1.13 (1.09-1.18) per 1 SD with CHD risk, 1.10 (1.02-1.18) for ischemic stroke, 1.01 (0.98-1.05) for the aggregate of nonvascular mortality, and 1.00 (0.97-1.04) for cancer deaths, following adjustment for lipids and other conventional risk factors. The risk of CHD was flat until $24 mg/dl, then rose continuously with increasing Lp(a), up to risk ratio of $1.5 at 192 mg/dl (Fig. 1a) . These data clearly demonstrate that in patients without prior CHD that Lp(a) is an independent predictor of CHD, even at modest levels of Lp(a) of more than 24 mg/dl, which is approximately the 70th percentile population risk that encompasses approximately two billion people globally [2, 3] .
These findings are further supported by additional epidemiological as well as Mendelian randomization [4, 5] and genome-wide association studies [6] . For example, Kamstrup et al. [4] followed 9330 men and women for 10 years from the general population in the Copenhagen City Heart Study, of which 498 developed myocardial infarction (MI). They observed a stepwise increase in risk of MI with increasing levels of Lp(a), with no evidence of a threshold effect and Lp(a) levels greater than 120 mg/dl predicting a three-to four-fold increase in risk of MI in the general population. In women, compared with levels less than 5 mg/dl (<22nd percentile), multifactorially adjusted hazard ratios for MI were 1.1 (0.6 to 1.9) for 5-29 mg/dl (22nd to 66th percentile), 1.7 (1.0 to 3.1) for 30-84 mg/dl (67th to 89th percentile), 2.6 (1.2 to 5.9) for 85-119 mg/dl (90th to 95th percentile), and 3.6 (1.7 to 7.7) for at least 120 mg/dl (>95th percentile). Equivalent values in men were 1.5 (0.9 to 2.3), 1.6 (1.0 to 2.6), 2.6 (1.2 to 5.5), and 3.7 (1.7 to 8.0).
Instrumental variable analysis allows an assessment of potential causality by evaluating the role of genetic determinants in modifying plasma levels of quantitative traits than are then linked to CVD events. In this case, single nucleotide polymorphisms (SNPs) and kringle IV type 2 (KIV 2 ) repeats in the LPA gene, which are fixed at conception and cannot be confounded by environmental factors and therefore rule out reverse causality, are the instrumental variables in this analysis. Furthermore, as Lp(a) levels are not significantly influenced by diet or exercise, they tend to minimally fluctuate around a predetermined genetic level that makes this analysis similar to achieving different levels of Lp(a) over time following a therapeutic Lp(a)lowering trial [7 && ]. In a follow-up study, Kamstrup et al. [5] further expanded this analysis in the Copenhagen City Heart Study, a prospective general population study with 16 years of follow-up (1991-2007, n ¼ 8637, 599 MI events); the Copenhagen General Population Study, a cross-sectional general population study (2003) (2004) (2005) (2006) , n ¼ 29 388, 994 MI events); and the Copenhagen Ischemic Heart Disease Study, a case-control study (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) , n ¼ 2461, 1231 MI events). They evaluated plasma Lp(a) levels, KIV 2 isoforms, LPA SNPs and MIs adjudicated from 1976 through July 2007 for all participants. In the Copenhagen City Heart Study, multivariable-adjusted hazard ratios for MI ranged from 1.2 [confidence interval (CI), 0.9-1.6; events/10 000 person-years, 59] for levels between the 22nd and 66th percentile to 2.6 (1.6-4.1; events/10 000 person-years, 108) for levels greater than the 95th percentile, respectively, compared with levels less than 22nd percentile (events/10 000 person-years, 55) (trend P < 0.001). Genetically elevated Lp(a) derived from all three cohorts were associated with hazard ratio of 1.22 (1.09-1.37) per doubling of Lp(a) level on instrumental variable analysis, whereas the corresponding value for plasma Lp(a) levels on Cox regression was 1.08 (1.03-1.12) ( Fig. 1b ). These data are consistent with a causal association between elevated Lp(a) levels and increased risk of MI and make a strong rationale for Lp(a) lowering in general communities.
A variety of studies reported on genome-wide associations between LPA SNPs and CVD risk [6, [8] [9] [10] [11] [12] [13] [14] [15] . For example, Clarke et al. [6] measured 48 742 SNPs in 3145 cases with coronary artery disease (CAD) and 3352 controls and as a replication in three independent populations of 4846 additional cases with CAD and 4594 controls. Of
KEY POINTS
A large epidemiological and genetic database supports the conclusion that elevated Lp(a) levels causally mediate CVD.
Low Lp(a) levels are associated with incident type 2 diabetes mellitus, but this does not appear to be a causal mechanism and may instead imply reverse causality due to effects of excessive VLDL production and insulin on Lp(a) levels.
Niacin and PCSK9 inhibitors are the only viable options to lower Lp(a) levels in high risk patients at present, but specific trials of Lp(a) lowering with these agents in patients with elevated Lp(a) have not been performed.
The clinical development and on going trials of antisense oligonucleotides specifically targeting Lp(a) has the ability to normalize Lp(a) levels in almost all patients and to be a transformative therapy to reduce Lp(a)-contributable risk CVD.
the 2100 candidate genes examined, the LPA locus on 6q26-27 encoding Lp(a) had the strongest association with CAD, with SNPs rs10455872 and rs3798220 strongly associated with increased levels of Lp(a) and reduced copy number KIV 2 repeats. rs10455872 had an odds ratio (OR) for CAD of 1.70 (1.49 to 1.95) and rs3798220 of 1.92 (1.48 to 2.49). A meta-analysis using a genotype score involving both LPA SNPs showed ORs for CAD of 1.51 (1.38 to 1.66) for one variant and 2.57 (1.80 to 3.67) for two or more variants (Fig. 1c ). After adjustment for Lp(a) levels, the association between the LPA genotype score and the risk of CAD was abolished. These findings of differences in LPA SNPs being associated with elevated Lp(a) level, which are then associated with increased risk of CAD with a gene-dose effect provide further support for a causal role of Lp(a) in mediating CAD.
The above studies were mainly in patients without prior CHD and the question remains whether Lp(a) is a risk factor in mediating second CVD events, particularly where many risk factors are already addressed pharmacologically or through lifestyle changes. In 2014 O'Donoghue et al. [16] reported data combined from 11 studies spanning two decades in 18 978 patients. Individuals with Lp(a) levels in the highest quintile had an OR of 1.40 (1.15 to 1.71). However, there was significant betweenstudy heterogeneity, so that when stratified on the basis of LDL-C, the association between Lp(a) and CVD events was significant when LDL-C was at least 130 mg/dl [OR: 1.46 (1.23 to 1.73, P < 0.001), but was not statistically significance for studies with LDL-C <130 mg/dl (OR: 1.20 (0.90 to 1.60), P ¼ 0.21].
Since that study, three large randomized trials reflecting a more modern experience, including JUPITER, LIPID and AIM-HIGH, reported that Lp(a) remains a predictor for CVD events, even in patients treated with potent statins reaching LDL-C concentrations as low as 62, 53 and 113 mg/dl, respectively (Fig. 2) .
In the AIM-HIGH (Atherothrombosis Intervention in Metabolic Syndrome with Low HDL/High Triglyceride and Impact on Global Health Outcomes) trial [17 && ], patients with prior CVD and low baseline levels of LDL-C were randomized to simvastatin plus placebo or simvastatin, plus extended-release niacin (ERN), with ezetimibe added as needed, in both groups, to maintain an on-treatment LDL-C 40-80 mg/dl. Baseline and onstudy Lp(a) levels were predictive of CVD events in both simvastatin plus placebo [baseline HR: 1.24 (P ¼ 0.002) and on-study HR: 1.21 (P ¼ 0.017)] and the simvastatin plus ERN group [baseline HR: 1.25 (P ¼ 0.001) and on-study HR: 1.18 (P ¼ 0.028)] (Fig. 2) . The ERN modestly decreased Lp(a) 21%, but did not reduce CVD event in any quartile of Lp(a). However, it is noted that patients in this study were not selected to have elevated Lp(a) levels, and in fact median levels were 33.8 nmol/l ($13.5 mg/ dl). Thus, the study was both underpowered for patients with elevated Lp(a) levels and also suggests that more potent Lp(a) lowering than 21% is needed to affect CVD outcomes.
In the LIPID (Long-Term Intervention with Pravastatin in Ischaemic Disease) trial, the predictive value of Lp(a) and CHD outcomes during 6 years' median follow-up were evaluated in 7863 patients with a prior CAD event following randomization to pravastatin or placebo. Baseline Lp(a) concentration was associated with total CHD events (P < 0.001), total CVD events (P ¼ 0.002), and coronary events Odds ratio for coronary disease FIGURE 1. Three levels of evidence, epidemiological studies and meta-analyses, instrument variable analyses and genome-wide association studies, demonstrate the increasing risk for CVD due to elevated Lp(a). Reproduced with permission from [1, 5, 6] .
Novel Lp(a) therapies for CVD risk reduction Tsimikas (P ¼ 0.03), with greatest risk occurring at the upper decile of greater than 73.7 mg/dl (Fig. 2 ). For events after year 1, an increase in Lp(a) at 1 year was associated with adverse outcomes for total CHD events and total CVD events (P ¼ 0.002 each), supporting measurement of Lp(a) for risk assessment of patients with known CHD.
In the JUPITER (Justification for the Use of Statins in Prevention: An Intervention Trial Evaluating Rosuvastatin) trial [18 && ], baseline and on-treatment Lp(a) concentrations were assessed in 9612 multiethnic participants before and after treatment of rosuvastatin 20 mg/d or placebo, with outcomes reported for whites (n ¼ 7746). Baseline Lp(a) concentrations were independently associated with incident CVD {adjusted hazard ratio per 1-SD increment in Ln[Lp(a)], 1.18 (1.03-1.34); P ¼ 0.02}, as were on-statin Lp(a) concentrations with residual risk of CVD [HR 1.27 (1.01-1.59); P ¼ 0.04] (Fig. 2) . Rosuvastatin significantly reduced incident CVD ¼ among participants with baseline Lp(a) less than median [HR 0.46 (0.30-0.72)], but in patients with Lp(a) greater than median the reduction was numerically less [HR 0.62 (0.43-0.90)], suggesting higher Lp(a) levels limit statin efficacy, as previously also shown in the 4S trial [19] .
LIPOPROTEIN(a) AND DIABETES MELLITUS
Elevated Lp(a) levels have generally [20, 21] , but not universally [22, 23] , been associated with increased CVD risk in both type 1 and type 2 diabetes mellitus. Interestingly, patients with diabetes have been shown to have lower Lp(a) levels in nondiabetics, both in patients with suspected CAD undergoing coronary angiography [22] , as well as patients presenting with acute coronary syndromes [24] . This observation is unexplained, particularly as Lp(a) can act as an acute phase reactant in patients presenting with acute coronary syndrome [25] .
Three studies have shown the lower Lp(a) levels are associated with increased risk of incident diabetes. The first observation was from the Women's Health Study, studying 26 746 healthy US women (mean age 54.6 years) of which 1670 developed type 2 diabetes over a 13-year follow-up period [26] . Following multivariable adjustment Lp(a) was inversely associated with incident diabetes with HR for quintiles 2-5 vs. quintile 1 of 0.87 (0.75-1.01), 0.80 (0.68-0.93), 0.88 (0.76-1.02), and 0.78 (0.67-0.91). The HRs were 1.62 (0.91-2.89) for Lp(a) less than 10 mg/l and HbA1c less than 5%, 3.50 (3.06-4.01) for Lp(a) at least 10 mg/l and HbA1c 5% to less than 6.5%, and 5.36 (4.00-7.19) for Lp(a) below 10 mg/l and HbA1c 5% less than 6.5%.
The was not associated with risk of type 2 diabetes. For a halving of Lp(a) level, the causal OR for type 2 diabetes was 1.15 (1.05-1.27) for KIV 2 sum of repeats and 0.99 (0.95-1.03) for rs10455872 genotype. This study suggests an association exists between low Lp(a) and incident diabetes but that the Mendelian randomization analysis does not suggest a causal relationship, except perhaps for the association with high isoform numbers. The third study was in 8490 participants from the European Prospective Investigation of Cancer (EPIC)-Norfolk cohort that included adults aged 40-79 years followed for an average 10 years, of which 593 participants developed incident type 2 diabetes [28 && ]. Mendelian randomization with rs1045587 tested whether the association between Lp(a) levels and diabetes is causal based on EPIC-Norfolk combined with DIAbetes Genetics Replication And Meta-analysis (DIAGRAM) data involving a total of 10 088 diabetes case participants and 68 346 control participants. In adjusted analyses, there was an inverse association between Lp(a) levels and diabetes with HR 0.63 (0.49-0.81; P trend ¼ 0.003) comparing the top vs. bottom quintile of Lp(a). In EPIC-Norfolk, a 1-SD increase in logLp(a) was associated with a lower risk of diabetes [OR 0.88 (0.80-0.95)]. However, in Mendelian randomization analyses, a 1-SD increase in logLp(a) due to rs10455872, which explained 26.8% of the variability in Lp(a) levels, was not associated with risk of diabetes with OR 1.03 (0.96-1.10; P ¼ 0.41).
In summary these three prospective findings demonstrate a strong inverse association of Lp(a) levels with risk of incident diabetes. However, genetic variants that are strongly associated with increased Lp(a) levels do not appear to be associated with risk of diabetes. The mechanisms behind these observations are not clear, but imply reverse causality. It is possible that as patients develop metabolic syndrome and ultimately diabetes, that Lp(a) levels may fall. Possible etiologies may include the production of large very low-density lipoprotein (VLDL) particles that are less optimal for the assembly of Lp(a) due to its lipid content interfering with optimal initial interactions of apo(a) kringles repeats with apoB-100 [29] . This is supported by the general observation that Lp(a) levels are modestly (r ¼ $0.20) inversely associated with triglyceride levels in all populations [24, 30] . There is also clinical and experimental data that insulin directly reduces Lp(a) levels via a negative response element pathway on the LPA gene [31, 32] . Thus, patients with hyperinsulinemia may actually develop a reduction of their basal Lp(a) levels. Finally, it is possible that high Lp(a) may have salutary effects on insulin resistance, but there is no evidence to suggest this at this time. Table 1 shows the major drugs and procedures affecting Lp(a) levels. Although not well appreciated, many studies have shown that all statins may raise Lp(a) levels up to 10-50%. For example, high-dose atorvastatin [16] and rosuvastatin [33 && ] both raise Lp(a) approximately 20-25%. This is not universal phenomenon, and is confounded by the variety of different assays as well as the lack of standardization of assays and calibrators measuring Lp(a). Additionally, low fat diets and garlic supplements have also been shown to increase Lp(a) levels [34] .
CURRENT THERAPIES AND OUTCOMES IN LIPOPROTEIN(a) LOWERING
A variety of clinically approved procedures and drugs have been shown to lower Lp(a). LDL apheresis lowers Lp(a) acutely 60-80%, but due to a fairly quick rebound, levels return to baseline within 1 week or so, leading to a time averaged reduction of 30-35%. There have been several studies evaluating events pre and postapheresis, and all have uniformly shown $70-80% reduction in events [35 & ]. Niacin lowers Lp(a) 20-30%, and the mechanism appears to be inhibition of apo(a) via cyclic AMP stimulated apo(a) transcription [36] . Niacin also reduces VLDL apoB-100 production Novel Lp(a) therapies for CVD risk reduction Tsimikas [37] . Mipomersen, an antisense inhibitor to apoB-100 reduces Lp(a) by a mean of 25% in patients with familial hypercholesterolemia and in nonfamilial hypercholesterolemia [38 & ]. The mechanisms underlying this reduction are not understood, but may be related to a lack of availability of apoB in the hepatocyte during time of Lp(a) assembly, as suggested by data in Lp(a)-transgenic mice treated with mipomersen [39] .
Lp(a) is an acute phase reactant and patients with inflammatory conditions tend to have elevations in Lp(a). This is supported by recent data showing that treatment of patients with rheumatoid arthritis with interleukin 6 (IL-6) antagonists reduces Lp(a) by $30% [40] , which is supported by in-vitro data that the LPA promoter contains an IL-6 response element. PCSK9 Inhibitors have also been shown to lower Lp(a) 20-40% [41,42 & ], but the mechanisms are not understood. Initial use of PCSK9 inhibitors will be limited to patients with familial hypercholesterolemia and otherwise high risk patients with CVD but will not be used in patients with isolated Lp(a) elevations and controlled LDL-C. Finally, there are data in a very small study in patients with CAD and cerebral infarction suggesting aspirin reduces Lp(a) levels, but this had not been confirmed and may have been confounded by resolution of the acute phase response in these patients. Interestingly, in a post-hoc analysis from the Women's Health Study, although the overall trial was negative, women with elevated Lp(a) had significantly elevated CVD risk, but his risk was two-fold lower in women randomized to aspirin [43] . Estrogen replacement also decreases Lp(a), and may also explain why postmenopausal women tend to have increases in Lp(a) relative to premenopausal status. In the Heart Estrogen/progestin replacement Study (HERS) trial, women randomized to estrogen/progestin therapy had an absolute 5.8 mg/dl reduction in Lp(a). In a randomized subgroup comparison, women with low baseline Lp(a) levels had less benefit from estrogen/ progestin than women with high Lp(a) levels, suggesting a salutary effect on CHD risk mediated by elevated Lp(a) [44] . However, estrogen/progestin therapy is not used currently for cardiovascular risk prevention.
SPECIFIC ANTISENSE THERAPY TO LOWER LIPOPROTEIN(a)
As Lp(a) is not an enzyme or receptor small molecules cannot inactivate it, and because it circulates in very large quantities (up to 500 mg/dl or up to 3 total grams for a person with 6 liters of plasma) it would likely require tens of grams of antibody to inactive it, making it highly expensive, impractical due to volume of dosing and the potential for immunological effects in clearing large amounts of immune complexes. An alternative approach in reducing Lp(a) levels would be required, one that prevents synthesis by the hepatocyte, its major (99%) site of synthesis. Early work using a antisense oligonucleotide (ASO) to human apo(a) led to the demonstration in 2011 that ASOs targeted to Lp(a) significantly lower Lp(a) and OxPL-apoB in Lp(a)-transgenic mice [45] . To optimize this for human applications, over 2200 s generation ASOs were tested for their ability to dose-dependently reduce apo(a) mRNA expression in transgenic LPA mouse primary hepatocytes. An optimal ASO designated as ISIS-APO(a) Rx (later changed to IONIS-APO(a) Rx) was identified that binds to the exon 24-25 splice site of the mature human apo(a) transcript (Genbank Accession NM_005577.2) at position 3901-3920 bp [46] . KIV 2 repeats are identical at the protein level, but are not conserved uniformly at the nucleotide level, which is why the drug only binds to a single splice junction with perfect complementarity.
ISIS-APO(a) Rx was evaluated in human volunteers and demonstrated a dose dependent mean Lp(a) reduction of 78% and maximal reduction of 92% in the highest doses, with similar effects on OxPL-apoB [47 && ], (Fig. 3 ). ISIS-APO(a) Rx was equally effective across all isoforms and was not dependent on the baseline Lp(a) levels. A phase 2 study in two cohorts of patients with Lp(a) 50-175 mg/dl, representing the above 80th percentile, and more than 175 mg/dl, representing the above 99th percentile of levels, is near completion (Safety, Tolerability, Pharmacokinetics, and Pharmacodynamics of ISIS-APO(a)Rx in Patients With High Lipoprotein(a): NCT02160899). Preliminary data reported orally at the American Heart Association meeting in 2015 demonstrates a mean of 71% reduction and maximum 94% reduction in Lp(a) levels. Finally, an optimized molecule, ISIS-APO(a)-L Rx that also contains a GalNAc3 conjugate targeted to the hepatocyte asialoglycoprotein receptor to enhance potency [48] , is currently being evaluated in healthy volunteers with elevated Lp(a) of more than 30 mg/dl (Safety, Tolerability, Pharmacokinetics, and Pharmacodynamics of ISIS-APO(a)-L Rx in Healthy Volunteers With Elevated Lipoprotein(a): NCT02414594). These trials are paving the way for a potential therapy in high risk populations in reducing Lp(a) levels, and in testing the clinical hypothesis that lowering Lp(a) will lower CVD risk and progression of aortic stenosis in broader populations. * * * * * * * * * * * * * * Novel Lp(a) therapies for CVD risk reduction Tsimikas
